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ABSTRACT

To monitor the world’s climate adequately, scientists need data from the “best” climate stations exchanged interna-
tionally on a real-time basis. To make this vision a reality, a global surface reference climatological station network is in
the process of being established through the Global Climate Observing System (GCOS). To initially select stations to be
considered for inclusion in this GCOS Surface Network, a methodology was developed to rank and compare land sur-
face weather observing stations from around the world from a climate perspective and then select the best stations in
each region that would create an evenly distributed network. This initial selection process laid the groundwork for and
facilitates the subsequent review by World Meteorological Organization member countries, which will be an important
step in establishing the GCOS Surface Network.

1. Introduction (e.g., precipitation) may require denser networks. It is
intended that the network be regarded as a standard for
The World Meteorological Organization (WMO)developing and improving denser national networks
Commission for Climatology (CCI) and Commissioand that the existence of the network will encourage
for Basic Systems (CBS) are working jointly with théhe preservation and exchange of data into the future.
Global Climate Observing System (GCOS) to estab- The objectives of the Global Climate Observing
lish a global reference network of land surface obs&ystem include providing the data required to meet the
vation stations that would accommodate observed dageds for climate system monitoring, climate change
from most land areas, including many midoceanic idetection, and research toward improved understand-
lands, at an approximate density of one station peg, modeling, and prediction of the climate system
250 000 square kilometers (World Meteorological O¢Spence and Townshend 1995). Since satellites can-
ganization 1988a). This density of stations is considet provide data needed for long-term—decade to cen-
ered adequate, in combination with representative $egy scale—climate monitoring, this effort focuses on
surface temperature data, to monitor global and larpe selection of GCOS land surface observing stations.
hemispheric temperature variability and would perm@ither GCOS projects are under way to improve (or
some multielement analysis, although analysis of &mit the degradation to) our observing capabilities in
ements with lower spatial correlation than temperatuatt aspects of the climate system (World Meteorologi-
cal Organization 1995) ranging from oceans (Nowlin
et al. 1996) to the GCOS Upper Air Network (GUAN;
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Fic. 1. Stations reporting CLIMAT monthly mean temperature data in 1995. Solid dots (open circles) depict stations with more
(less) than 60% of their CLIMAT temperature data received in 1995. While more than 1600 stations reported in 1995, their spatia
distribution is uneven.

uneven. As shown in Fig. 1, there are large areaseobugh records to be of use for climate studies. There
the world, such as South America from the equatordoe, however, several large global datasets used for
20°S, with very sparse CLIMAT reports, while othetlimate studies. Two of them, the Global Historical
areas, including, interestingly, sub-Saharan west A#limatology Network (GHCN; Vose et al. 1992;
rica, have a very dense network of CLIMAT station®eterson and Vose 1997), produced in the United
The selection of GCOS Surface Network (GSN) st&tates, and P. Jones’s dataset (Jones 1994) from the
tions, by contrast, needs to be based on the suitabilityited Kingdom contain (probably) most of the inter-
of data for climate analysis resulting in a well distribaational, long-term, monthly, land surface station tem-
uted network of the very best long-term climate stperature data available digitally to researchers. These
tions in the world. This article describes the procedureo datasets were created for slightly different pur-
that was used to initially select stations for the GSdbses, utilizing different homogeneity testing meth-
via a specially developed computer algorithm. WM@dologies, so the information they contain about the
members have been informed of this process and asstadions is not identical. GHCN has 7283 stations and
to review and comment on the selection of stationsJanes has 2525 stations after removing a subset of U.S.
their country. How WMO members alter these initiatations that were certain to be duplicates of U.S.
selections may be the subject of a future note. GHCN stations. All of the Jones stations are either ho-
mogeneous or adjusted to be so, while GHCN has a
subset of homogeneity adjusted station data. All data

2. What stations are available for for stations listed in GHCN or Jones are available to
possible inclusion in the GCOS researchers at the present time.
Surface Network? Two sources of information at WMO indicate that

climate observations are being made at additional sta-
WMO Publication 9, Volume A (World Meteoro-tions though the data may not be available for inter-
logical Organization 1996a), lists all weather statiomational exchange at the present time. These are the
with WMO numbers. Unfortunately, many climat&VMO 1961-1990 normals stations and the lists of
observing stations do not have WMO numbers aReference Climatological Stations (RCSs) that have
Volume A does not indicate whether a station has lohgen submitted by many WMO member states. In May
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1996, when the GSN stations were being select€d,ghenva |
there were 3342 stations in the normals list, generallyses e |
having at least 30 yr of data, and the RCS list included—
2283 stations with a wide variety of length of records
listed according to the response to the WMO enquiry

in 1990.

Reference .
Climatological |
{2,283 stations)

wMO
Normals 2
(3,342 stations) |

Jones w/o
US Subset
(2,525 stations)

15,433 stations to merge

v/ CLIMAT (1,654 stns) |
7/ GAW (373 stns) "

3. Merging the possible stations into a / GUAN (165 stns)
. by METADATA v RBSN (4,152 sins) z
smgle list FLAGS / SYNOP (7,986 stns) |

v/ AGRIMET (351 sins) |

These four sources total 15 433 stations. But how
many are unique? To answer this question, all the sta-
tions needed to be merged into a single list, as shown _
. . . . 8,653 stations with
in Fig. 2. This was not an easy task: in the four sources, up to 7 flags each l
latitudes and longitudes were recorded in hundredths
of degrees, tenths of degrees, and minutes, dependingec. 2. The process of merging information about potential
on the source. Therefore, station locations seldd#OS Surface Network stations.
agreed exactly. In addition, stations often move
slightly over time so data from earlier sources might
not have the current location. Not only did the spetle quality of the data, the likelihood of continuing
ing of station names change over time, but in maoperations, and its ability to report in near-real time.
cases, particularly in newly independent countries, tB&ce most of this information is not available, the
entire station name changed. These problems are cproblem was approached by examining what metadata
pounded by keypunch errors that occur when keyinguld be obtained that would have implications about
in hard-to-read metadata from handwritten RCS listhese aspects. Many of the bits of metadata uncovered
WMO station numbers also change with time, not orf\ad multiple implications.
for individual stations. Sometimes a country will All 8653 stations were ranked based on an algo-
change all their WMO numbers at one time. Sincghm that resulted from discussions at the Joint CCL—
most of the metadata flags were keyed to WMO nui@BS Expert Meeting on the GCOS Surface Network
bers, the final station list was merged with the curremeld in Norwich, United Kingdom, in March 1996. For
WMO Volume A station list to tag each station witlexample, approximately how much weight to give to
the appropriate WMO number whenever possible. long-term climate records compared to current report-

The result was a list of 8653 unique stations, bug was agreed upon. All the metadata fall into 10 cat-
the list is far from perfect. It is very likely that somegories, which are combined in the algorithm to give
errors in merging remain. An example is the assigatotal of 100 points.
ing of a WMO number from a short-term synoptic re-
porting airport station to a nearby long-term climat Data
station with a similar name. Also, normals stations There were 20 points available for (number of years
were treated as if they started in 1961, which is oftehdata)/100.
erroneous but was the best that could be done with thé&ince the goal was to select long-term climate sta-
information available. Therefore, the list should bions, the length of data was given considerable weight.
carefully inspected for accuracy by individuals froror example, a station would receive 10 points if it had
each country that has stations initially selected for tB8 years of data and 20 points if it had 100 years of
GSN. data. However, data prior to 1896 were not considered,

so a station with 150 years of continuous operation

would also receive 20 points. For GHCN and Jones
4. Ranking the stations stations, the numbers used were the actual number of

months of data in the last 100 years. For normals sta-

The information desired for each station includetbns, data were assumed to be 100% present for the
the length of time the station has been in operati@f years from 1961 to 1990. RCS stations, some with

[ v Population J
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very long periods of record indicated, were assumefithe station to designate it as an RCS, there was prob-
to have 95% of the data available from the start of thably a better chance that its data might be exchanged
records to the present day. The 95% value is compathe future, hence some additional weight for the
rable to the average availability in long-term statioi®CSs.

in the GHCN and Jones datasets. When a station was

listed in more than one source, the longest periodeofPopulation

record was used. The maximum of 20 points if rural, 15 points if a
small town, 10 points if the population is unknown,

b. Homogeneous data and 0 points if urban.
There were 20 points available for (number of years Urban warming is a well-known phenomenon that
of homogeneous data)/50. the GSN would like to avoid. Therefore, more weight

The homogeneity of the data relates to data qualityas given to stations that were rural or small town.
(Easterling et al. 1996). While many stations may bhile the local meteorological effect of urbanization
homogeneous, the simplest way to tell if they are iis-due to the land use and land cover (Gallo et al. 1996),
deed homogeneous (or able to be adjusted to mak@ulation provides us with a useful, though less di-
them homogeneous) is if they were included in thect, criterion to assess urbanization. The population
Jones dataset or in the GHCN version 2 homogeneitgtadata were determined by locating the station on
adjusted subset. This data quality aspect is weightederational Navigation Charts (ONCs). ONCs have
heavily and normalized over the last 50 years. This dpeen created by the U.S. Department of Defense and
proach gives weight only to stations whose data afistributed by the National Oceanic and Atmospheric

already available internationally. Administration. They are designed for pilots and, with
a scale of 1:1 000 000, they provide well-defined to-
c. Reference climatological stations pography, airport locations, and boundaries for urban
There were 10 points available for (number of yeasiseas. Once the station location is determined, if it is
of data as a RCS)/50. clearly not a rural site, the population of the town the

RCSs were selected by countries as their best sliation is associated with was determined using a va-
mate stations (World Meteorological Organizatioriety of atlases. The station was designated as rural if
1989a). Homogeneity was one of the criteria that wethere were less than 10 000 people in the community,
into their selection. Unfortunately, not all countriesmall town if between 10 000 and 50 000, and urban
have sent the WMO a list of the RCSs, and how thiygreater than 50 000.
were selected varied between countries. ThereforeThese population metadata were developed for
some weight was given to this aspect but not enou@hlCN, so not all the source stations had population
to prevent the selection of a very good nearby statioretadata. However, many additional station popula-
from a country that had not yet provided its RCS lisbns were determined for the GSN station selection

over an average RCS station. process to make sure all selected stations and serious
candidates for selection had population metadata.
d. Current reports While these metadata may be the best population

The maximum of either 10 points if data availablmetadata currently available for the entire globe, some
1990 or later, 20 points times the fraction of synoptaf the ONCs are a decade or two old. Therefore, some
reports in 1995, 20 points times the fraction aff the rural-urban boundaries are no longer accurate
CLIMAT reports in 1995, or 15 points if it was a RC&nd a few of the stations should be reclassified.
station.

To be most effective, all the GSN stations shoufdOther networks
be able to exchange their data in near-real time. TheA number of networks already exist. Stations were
first factor considered is, are data present in GHCNs®lected for these networks for a variety of reasons,
Jones for the station in 1990 or more recently? Theme of which, like data quality, are GSN concerns.
purpose for this is essentially to give less weight @ne criterion in common with most of these networks
those stations for which no data have been receivedhe impact a network designation may have on the
recently. The station would get additional weight if future of the station: if several stations in a region were
reported regularly over the synoptic or CLIMAT netbeing closed, it is probable that the station with spe-
work. Additionally, if a country thought highly enougtcial network designation would be more likely to be
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maintained. Indeed, this is one of the reasons for thesmaller in high latitudes than in low latitudes), and
creation of the GSN. Therefore some weight, albeit athe scheme allows for simple analysis methodology.
rather small weight, was given to each of the follow-
ing networks. The goal was to give some additional When examining the results, however, some dis-
weight if a station was also a GUAN station, for iradvantages also became apparent: The spatial distri-
stance, but not let four such designations outweigh dliation was uneven and the scores were lower than de-
matological factors, hence the small point values. sired. For these reasons an alternative approach was
developed. The basic idea in this approach was as fol-
* Ifthe station is in the Regional Basic Synoptic Nelbws. First, a minimum required distan&gbetween
work (RBSN), it receives two points. stations is defined. Then the highest ranking station
» Global Atmospheric Watch (GAW; World Meteo-s selected and all stations closer to that station than
rological Organization 1989b) stations receive omlistanceR are deleted from the list. This process is
additional point. repeated for the next highest ranking station and on
* GUAN stations earn one point. down the list until all stations are either selected or
* In addition to having data for 1961-90 factored inleleted.
a station receives four points if itis a WMO normals In order to have the same increase of station den-
station (World Meteorological Organizatiorsity from the equator to the poles, the radiwas
1996b). made dependent on the latitude. In the boxes system,
» Agrometeorological (AGRIMET; World Meteoro-the area that is represented by one station decreases
logical Organization 1989a) stations get two pointaith a rate of the cosine of the latitude. Therefore, dis-
tances between stations should drop at a rate of the
Summing up all the potential points produces a tequare root of the cosine of the latitude:
tal of 100. There were about 20 stations from GHCN
whose data ended prior to 1896 and receivedanints. R=R [cos(lat)},
The highest scoring station was Valentia Observatory
in Ireland with 97.9 points. The median score was 4w¥hereR, represents the minimum distance at the equa-
tor. However, from 60° latitude toward the p&eyas
kept at a constai (0.5)".
5. Selecting the network Application of this algorithm revealed the follow-
ing characteristics of the resulting network.
Once the stations were rated on quality from a GSN
perspective using the above algorithm, the best statign The numbers of stations in different areas of the
in each area needed to be selected. There are manworld and, in particular, in different latitude zones
possible approaches for determining the geographic were about proportional to the numbers that were
distribution of the stations. One would be to have a attained in the grid boxes system, except for the
greater density of stations in regions that observations Southern Hemisphere between 30° and 60°. In this
or general circulation model runs indicate have the area, the alternative approach selected fewer sta-
greatest climatic variability or potential for climate tions. This feature could be attributed to the lack
change (e.g., Madden and Meehl 1993). Unfortunately, of large land areas.
a spatial selection designed to optimize specific 12} The average quality of stations selected was lower
search would likely diminish the network’s usefulness than for the boxes system (65.4 vs 66.3).
for different research. Originally, the participants in the
Joint CCL—CBS Expert Meeting on the GCOS Sur- The following two measures were taken to correct
face Network decided to select the best station in ¢kiese problems.
ery 5°x 5° box where stations were available. This
scheme had three desirable characteristics: 1) The decrease rate for the distance in the Southern
Hemisphere was enhanced by using
» the scheme is very clear,
» the scheme creates an increasing density of stations R=R, cos(lat),
from the equator toward the poles (required because
the spatial correlation of surface temperature is which appeared to be effective for attaining com-
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Fic. 3. The GCOS Surface Network: 940 stations are depicted with circles and the 60 stations selected to represent significantly
different elevations are represented with stars.

parable numbers in all areas of the world (settifddeeting on the GCOS Surface Network that in moun-
the equator distandg, to 380 km). tainous regions, one station, particularly a valley floor
2) The minimum distance was lowered to a figure atation, could not adequately represent the climate of
lowing for about 1400 stations to be selected. Frdime region. Therefore, the task was to select, if possible,
these 1400 stations, 460 stations were eliminatsaime additional stations at significantly different el-
subjectively, region by region, with a view to opevations in the areas of each continent with high stan-
timal average score, but preventing gaps in thdard deviations of elevation based on gridded eleva-
network that are too big. This resulted in a 940-stien data (Row and Hastings 1994). The introduction
tion network, the same number of stations as tbhéadditional stations in these regions was done by
grid-box approach, but with an average rating @ftroducing a vertical component in the concept of
68.2. The differences between the networks bas#idtance. This vertical component was defined by
on the grid boxes concept and the distance concentltiplying the difference in elevation between two
can be summarized as follows. stations with a factor of 300; that is, a difference in
elevation of 1000 m has the same effect as a horizon-
» The boxes system still has the advantage of it distance of 300 km. This produces an average mini-
clarity; making changes when ratings magnum difference in elevation selection criterion of

change is easier. slightly over 1000 m. Sixty of these extra elevation sta-
» A latitude-dependent density is incorporated itons were selected and their locations are indicated by
both systems. stars in Fig. 3.

» The distance-based network provides a better
spatial distribution.

« The distance-based network provides a highés Results
average quality.

» The distance-based network may require more With this change in the algorithm, the initial selec-
sophisticated analysis techniques; such tedien of the network was finalized, resulting in 1000
nigues, however, are not unusual in meteorologtations with an average quality of 67.6. The locations

of the GSN stations are shown in Fig. 3. While there

It was also decided at the Joint CCL-CBS Expeaate fewer stations depicted in Fig. 3 than the 1634
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CLIMAT reporting stations shown in Fig. 1, the spaevaluation. This will undoubtably result in some cor-
tial coverage of the GSN is more even. Only 55% oéctions to the metadata and changes in the final se-
the initial selection of GSN stations currently senédction of the GSN. The very high percentage of se-
CLIMAT reports. The percentage of other metadakacted stations that have WMO numbers and are in
classifications are given in Table 1. Interestinglgither the GHCN or Jones datasets implies either that
while 50% of the source stations do not have WMRost of the best stations are already exchanged inter-
numbers, all but 8% of the stations selected for thationally or that our knowledge of the other stations
GSN do. Since countries will typically only assigthat might be available is limited. The evaluation by
WMO numbers to stations whose data are being ¢ike permanent representatives will allow countries to
changed internationally, data for most of these staticm@mpensate for the latter implication. It is also hoped
are already being exchanged in some form. Therefdiegt this effort will act as a catalyst for countries to
as one might expect, most of these stations (96%) eeiew, update, and maintain adequate national RCS
also in the GHCN or Jones datasets. networks.

Analysis of Table 1 reveals that the selected stationsAlthough most of the GSN stations are already ex-
tend to have longer periods of record, are more rurehanged internationally, the type of international ex-
and are more likely to be designated RCSs. Indeetiange is very important for climate research and
over half the GSN stations are RCSs. This is not unenitoring. Because of the problems with missing
expected, since these are the features one would geservations or transmission errors, monthly means
erally think of when looking for the “best” climate
stations. This occurs even though selecting only a few
stations in regions like the eastern United States armd
Europe, where there are many long-term stations avail-TsLe 1. Station metadata classifications.
able, while including most Antarctic stations, despite
their short periods of record, decreases the potential _ GCOS surface  Source
mean period of record. Interestingly, there is a very Stationtype network stations
high percentage of the selected stations that currently (1000 stations) (8653)
report synoptically (89%) and are part of the Regiona\;\/ith out WMO numbers

: . " 8% 50%
Basic Synoptic Network (80%). This is because the
weighting scheme gives some extra points to static 'n GHCN or Jones 96% 87%
that_ are currently reporti_ng. ngr 4000 of the sourcgynoptic stations 89% 48%
stations reported synoptic data in 1995. Also, the v ELIMAT - -y 189
majority (97%) of the CLIMAT reporting source sta stations 0 0
tions also report synoptic data. Reference climate stations 51% 26%
Ir_1 addition to producing an initial selection of GSI' \ymo normals station 63% 37%
stations, another result of this effort has been the piu- _
duction of valuable metadata (e.g., the rural/urban if?GRIMET stations 1% 2%
dicators and the links to other networks) about tl GAW stations 8% 2%
surface stations that are W|(jely used for (.:I|ma'te r€ UAN stations 9% 204
search. These metadata will also allow individua
countries to objectively compare the selection proce RBSN stations 80% 33%
to see why one station was selected for the GSN OV@{r5) stations 64% 549%*
a nearby station. _
Small town stations 18% 19%*
Urban stations 18% 27%*
7. Discussion Mean year station data start 1918 1926
The initial selection of the GSN was just the firstMean years of data since 1896 63 50

.Ste[:;hln ? |t0nfg plioctes(js' ;”:e next Imajor ?{Lep IW?S fSte@%; comparison purposes, these percentages were calculated
Ing the listo Se_ ecled stations, a O_ng withalisto r?l%m the total number of stations with population metadata. Of
metadata obtained for all the stations, to the permi@s ges3 stations in the source datasets, 12% did not have

nent representative of each WMO member country f@ipulation metadata.
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derived from transmitted daily synoptic reports wilNowlin, W. D., Jr., and Coauthors, 1996: An ocean observing
often have significant errors and biases when COm_sy_stemfor climateBull. Amer. Meteor. Soc?,7,2243-2273.
pared to monthly summaries calculated on site fro?rk?as" G. 0. P., 1992: Letter, 29 October 1992. World Meteoro-

. logical Organization No. M/CLC.
the full month of data (SChne|der 1992)' Thereforseterson, T. C., and Vose, R. S., 1997: An overview of the Glo-

synoptic transmissions are not an adequate substitutgal Historical Climatology Network Temperature Database.
for monthly CLIMAT style reports. Hopefully, add-  Bull. Amer. Meteor. Sod press.
ing one CLIMAT monthly transmission should pdrow, L. W., lll, and D. A. Hastings, 199%errainBase World-

fairly easy for stations that regularly send out synop- wide Dlglt_al Terrain Datr_:l, Documentation Manual and CD-
tic reports. Since 89% of the selected stations repor ROM.National Geophysical Data Center, Boulder, Colorado.
p : P g%qneider, U., 1992: The GPCC quality-control system for gauge-

synoptic data in 1995, it is not unreasonable to eXpecineasured precipitation data. Report of a GEWEX Workshop,

that, with some encouragement, the WMO memberwmo/TD-No. 558, 153 pp. [Available from the World Me-

countries will eventually report monthly climate sum- teorological Organization, Case Postal No. 2300, CH-1211,

maries from all GCOS Surface Network stations. __Geneva 2, Switzerland ] _

Spence, T., and J. Townshend, 1995: The Global Climate Ob-
serving System (GCOS). An editori@llimate Change31,
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